Chimeric, humanized and human antibodies have successively been exploited as therapeutics because their increasing human ('self') character is expected to correspond with decreased immunogenicity, critical for their clinical development. Thus humanness has been inferred to predict antibody immunogenicity. Humanness of antibody variable (V) regions has recently been studied using a parameter (here referred to as the H-score) which evaluates similarity to expressed human sequences. Macaque (Macaca fascicularis) antibody sequences are of particular interest because they have been suggested to have extremely human-like character and recently macaque scFvs of very high affinity against various antigens have been isolated. In this study, the H-scores of all macaque antibody V-regions available in sequence databanks were compared with those of their human counterparts using statistical tests. The results were found to be influenced by the relative size of the human families to which the macaque V-regions are related. As the relevance of families to immunogenicity is suspected but unproven, a new parameter (the 'G-score') was derived from the H-score to avoid this influence and macaque V-regions sequences were re-analyzed using the G-score. Both parameters show that these regions cannot be regarded as human when they derive from heavy chains, but the humanness of light chains is variable. It was shown that 'germline humanization' of a macaque V-region favourably influenced its humanness as evaluated by both H-and G-scores. In addition, humanness of macaque sequences presented in patents has been analyzed. H-and G-scores define objectively the humanness of antibody V-regions and their use is exemplified here.
Introduction
Recombinant antibodies are a class of therapeutic molecules of ever-increasing applicability. However, the question of their immunogenicity is particularly important, because the frequency of anti-antibody response (AAR) varies by a wide margin (0 to 34% for humanized antibodies) 1 and may correspond to severe side effects (serum sickness or anaphylaxis). Murine antibodies are generally unsuitable for therapeutic purposes as they induce a strong AAR (also known as a HAMA -human anti-mouse antibody) response 1 . Historically, this has been reduced by replacement of murine constant domains (the Fc fragment together with C H 1 and C L domains) with their human counterparts ('chimerization'
2 ), and further reduced by the replacement of both their constant domains and variable frameworks (FRs) in a second approach known as 'humanization' 3, 4 . These replacements of murine by human regions, because of the presumed lack of immunogenicity in humans of human 'self' antibodies, effectively made the use of antibodies as therapeutics possible. The trend to diminish the size of murine regions has culminated with the recent clinical availability of a 'fully human' antibody (Humira R ), expected to be less immunogenic than previous antibodies 5 . According to this trend, assessing the 'humanness' of an antibody may help in prediction of immunogenicity 6, 7 and this notion is directly supported expressed sequences and are therefore more representative of the expressed repertoire in Kabat. Conversely sequences with a negative score have less than average similarity to the expressed sequences. Clearly, since this humanness score is based on observed expressed sequences, it is influenced by the relative use of different germline families in each of the three isotypes (V H , Vκ or Vλ) as stated in the initial study 8 . In the present study, to avoid any influence of germline usage, we introduce a new Z-score normalized measure of humanness evaluated at the level of germline-derived families. To avoid any confusion, we will refer to these two different measures based on Z-scores as the 'H-score' (Humanness score) for the previously described human expressed repertoire-based Z-score, and the 'G-score' (Germline-derived score) for the human germline-derived family-based Z-score, respectively.
The present study begins by establishing a statistical test to examine whether or not any group of V-regions has a mean Hscore that is statistically significantly different from the mean human value. If no significant difference is observed, these Vregions may be regarded as having the same humanness as their human counterparts -in short, they may be regarded as indistinguishable from human sequences. This test was used to analyze the humanness of the V-regions originating from cynomolgus macaques ('crab-eating macaques' or Macaca fascicularis) and available in sequence databanks. As expected, the results were found to be influenced by isotypes and families; V-regions belonging to the most highly used human germline families are rated as more human by H-scores. Families may have an important role in immunogenicity and one may suspect that the most utilized families are less immunogenic than less frequently used families; however, this is, as yet, unproven 8 . While a 'germinality index' has previously been presented to measure the similarity of a V-region sequence to a human germline in order to predict its immunogenicity 10 , the quality of this prediction was not assessed and a benchmark characterizing antibodies in terms of expressed sequences can be seen as more straightforward and relevant and thus may be preferred. Thus a score similar to the H-score, but avoiding the effect of relative family use by examining each germline-derived family separately may be a better way of evaluating the human-like character of antibodies and thus may be utilized as part of this important, but difficult, immunogenicity prediction. We therefore introduce a new parameter, the G-score, which is calculated in the same way as the H-score, but avoids influence of family usage on evaluation of humanness by comparing against sequences from the same family (i.e. derived from the same human germline gene) separately. This new parameter was utilized to re-analyze V-regions from M. fascicularis and the results of both H-and G-score-based analyses are presented and compared. Both parameters were then used to assess if the 'germline humanization' of a macaque antibody, recently presented 10 , can be predicted to reduce its immunogenicity. In addition, the sequences which are at the core of patents (parallel patents number 1 266 965 B1 in Europe, and 5,693,780 in the U.S.) restricting the therapeutic use of V-regions from macaques ('non-human primates of the New World') have been analyzed with H-and G-scores.
To supplement the H-score server at http://www.bioinf. org.uk/abs/shab/ we have provided a G-score server at http://www.bioinf.org.uk/abs/gscore/, enabling any scientist to use both parameters freely to aid in prediction of the immunogenicity of antibody sequences. Of course it should be stressed that many other factors (such as aggregation) are important in immunogenicity and only studying similarity with human sequences is a simplification. Nonetheless, it may be anticipated that similarity to expressed human sequences (and thus the use of the H-score or the G-score) will have a major impact on immunogenicity and thus the clinical development of antibodies.
Results and Discussion

Humanness of macaque variable domains retrieved from
databanks, according to Z scores Analysis of the 131 macaque (M. fascicularis) sequences was performed for each chain type, according to the H-score definition. With a mean H-score equal to -0.449, the 74 macaque heavy-chain sequences were found to be significantly different from human with a very high probability (p < 0.00001). On the contrary, the variable light domains were not significantly different from human sequences, with a mean H-score of -0.044 for the 47 κ-related macaque sequences, and a mean H-score of -0.33 for the 10 macaque λ-related sequences.
Because humanness results, as evaluated by the H-score, differed depending on the chain type, it was decided to expand on the V-region nomenclature and divide macaque sequences into families. The results presented in Table 1 show that all groups of macaque sequences related to human V H families have mean H-scores much lower than the smallest individual human Hscore in the family. Clearly these mean scores could not have been obtained from sampling human sequences. This result fully supports the conclusion above that macaque heavy-chain sequences have a lower humanness than human sequences and are thus not human-like in character. However, it should also be noted that, contrary to all other families, the H-score of the macaque sequences related to the human V H -III family is positive. While this may reflect a higher degree of similarity of these sequences with human sequences, it may also reflect the very frequent use of the V H -III family in the human repertoire.
In the light chains, the mean H-scores of the groups of macaque sequences related to Vκ-I and Vκ-II families are higher than the smallest human H-score in the corresponding family. Contrary to what was observed above for heavy chains, this indicates that macaque κ chains from these macaque families have a higher humanness than certain human sequences of the equivalent family and they are thus more human-like in character than the heavy chains. However, this was not the case for the Vκ-III and Vκ-IV-related macaque sequences, whose mean Hscore was lower than the smallest human H-score in that family. The λ-related macaque sequences showed a similar trend with Vλ-III-related macaque sequences having a relatively high mean H-score indicating a human-like character, in contrast to the Vλ-I-related macaque sequences (Table 1) . These data illustrate the importance of studying humanness at the family level. Macaque sequences were assigned to the most similar human family based on the best G-scores as described in Table 3 It should be noted however, that no statistical tests were performed on the data presented above and obtained at the family level, owing to the absence of a mean H-score for each family; trends should therefore only be regarded as indicative. The introduction of the G-score was aimed precisely at improving this analysis.
Introduction of the G-score for humanness
The fact that the influence of family usage on immunogenicity has not been experimentally validated, the discrepancies between the results evaluated family-by-family using H-scores, and the inability to perform statistical tests on those results, led us to derive a new parameter, the G-score. Whereas the H-score (which relates humanness to the complete expressed human repertoire) divides the available sequences into heavy, λ and κ, the G-score divides the available human sequences into families based on the germline genes from which they are derived. Each human expressed sequence in the Kabat database had to be assigned to a germline gene from which it was most likely to be derived, thus defining families on which new calculations of mean and standard deviation sequence identity were performed. Macaque sequences were then tested against each of these germline-derived families in turn (see Materials and Methods). Thus the G-score gives a measure of humanness that is related to how typical a sequence is of a family and is not influenced by the relative usage of different germline genes.
Assignment of expressed human sequences to germline
families A summary of the human germline sequence data collated by IMGT 11, 12 and available through the NCBI web site is shown in Table 2 . Assignment of expressed human sequences from Kabat to germline families was performed using tblastn (see Materials and Methods). Of the 147 possible germline sequences used, the expressed human sequences were assigned to 127, but of these, 25 had only two human sequences leaving 102 families that could be used for G-score analysis. Within each The 'number of alleles' reflects the total number of sequences extracted while the 'unique germline genes' reflects the grouping of allelic variations of the same gene (see Materials and Methods).
of these 102 families, the mean and standard deviation 'representativeness' (see Materials and Methods) were calculated and used for evaluation of G-scores.
G-score humanness of macaque variable domain sequences retrieved from databanks
Each of the 131 macaque sequences was compared against each of the 102 human families using ssearch35. Average sequence similarity ('raw representativeness') was calculated against each family and converted into a 'G-score' using the family-specific mean and standard deviation. The results for the 102 families were sorted and the highest score was reported as the final G-score for the sequence. Results are presented in Table 3 , which also shows a p-value, obtained from the 'error function' (the integral of the Gaussian distribution). This is the probability of seeing this G-score or above by chance when examining human sequences.
Evaluation of the humanness of macaque V-region families
retrieved from sequence databanks using G-scores The relatedness of each macaque sequence to a human family was defined based on the highest G-score obtained and macaque The macaque sequence identifiers are shown together with the human germline-derived family from which they obtained the best G-score. Also shown are the mean (μ), standard deviation (σ), number of family members (N) and a simple p-value for the sequence being human derived directly from the G-score. The p-value indicates the probability that the family is not related to a human sequence. a Family names are assigned based on the human germline-derived family showing the highest Gscore for the macaque sequences -germline sequences and names come from IMGT;
b NSeq = Number of macaque sequences related to the family; c NS = Not significant sequences were then grouped based on these families. The G-score was used for statistical analysis by averaging across the macaque sequences related to each family. This analysis is shown in Table 4 where the number of macaque sequences, their mean G-score and results of the statistical test for humanness are indicated. Significance can only be tested where there are 7 or more macaque sequences in a family, which applied to 4 heavy-chain families and 3 κ-chain families. All four heavychain families show that macaque V-regions are significantly different from their human counterparts (p from < 0.01 to < 0.0000001). The three families related to human light chains show variation in agreement with the previous tests: macaque sequences related to the IGKV1-33 germline gene are significantly different from human (p < 0.05) while those related to IGKV1-6 and IGKV1-NL1 are not. In summary, the statistical tests based on the G-score, which avoids the influence of family use in the human repertoire, show that V H regions from cynomolgus macaques are not similar to their human counterparts while some macaque V L variable domains are human-like, and others are not.
Germline humanization of a macaque Fab, according to H-and G-scores
The humanization of a macaque Fab (35PA 83 , derived from an animal immunized with a sub-unit of the anthrax lethal toxin) was recently performed 10 using human germline antibody sequences as the template (or 'acceptor') sequence. This approach was called 'germline humanization', or 'germlinization' for short. The goal of this approach was to increase the degree of similarity of the macaque V-region to human germlineencoded V-regions. The rationale behind germline humanization is the fact that human, germline-encoded V-regions should be encountered as part of IgMs by all humans and thus might be expected not to be immunogenic. The germlinization process was evaluated with a parameter (the 'Germinality Index', GI) which measures the percentage similarity between parental Vregions (or their germline-humanized variants) and their most closely related, human, germline-encoded sequences. In the course of that study, the GI showed a significant increase, from a value of 0.876 to a value of 0.977 (the maximum theoretical GI value is 1.0). The GI parameter is different from H-or G-scores in that it measures similarity with germline encoded sequences (which may be expressed as IgM), but not with sequences expressed as IgG -the most common circulating antibodies -which may be more relevant when evaluating immunogenicity. Consequently, to test the robustness of this germline humanization, the H-and G-scores of the parental, macaque V-regions and of their germline humanized variants were studied. This individual example did not allow statistical tests to be performed, but the values of H-and G-scores were studied in comparison with the distribution of human sequences, using the p-value (from the integral of the Gaussian distribution) as presented in Table 3 .
The V H of 35PA 83 belongs to the V H -IV family and had an Hscore of -0.241: this value corresponded to a humanness better than the humanness of 41% of expressed human V H sequences. The germlinized V H had an H-score of -0.082, corresponding to a humanness better than 47% of human V H -regions, thus only showing a small improvement. However, when evaluated using G-scores, the result of the V H germlinization was much more striking. The G-score of 35PA 83 V H was -0.541, (higher than 29% of human sequences) and, after germline humanization, increased to 0.191 (higher than 57% of human sequences). The discrepancies between the H-and G-scores of the parental V H are a result of the relatively frequent use of V H -IV and this example clearly shows how the H-score is influenced by family usage, in contrast to the G-score. However, both analyses converge to suggest that the germlinized V H sequence has a humanness that is near the average value for human sequences.
The macaque Vκ, belonging to the Vκ-I family, had an Hscore of -0.215, corresponding to a humanness above that of 42% of human sequences, but the Vκ-I family is used frequently which could account for this relatively high H-score. After germlinization, the H-score increased to 0.684 (better than 76% of human sequences), but again may be influenced by the high usage of Vκ-I germline genes. The G-score for the macaque sequence was much lower (-0.930, higher than only 17% of human sequences) and, after germline humanization, changed to 0.339 (higher than than 63% of human sequences). Thus, quite remarkably, the germlinized 35PA 83 Vκ can be regarded as having a better humanness than average human Vκ, in contrast to the parental macaque sequence. For this example at least, the H-and G-score results for germline humanization of 35PA 83 V-regions converge with those of the 'germlinality index' and this triple convergence tends to show the robustness of the germlinization approach intended to lower the immunogenicity of macaque V-regions.
Humanness of macaque variable domains described in
European patent 1 266 965 B1, using H-and G-scores The distribution of the 29 macaque sequences (15 V H sequences plus 8 variants (see below), 5 Vκ, 1 Vλ; H-scores presented in Table 5 ) indicated in European patent 1 266 965 B1 is such that no family is represented by more than 6 of these sequences (see Materials and Methods). As a result, no statistical study could be done at the family level using G-scores, and only the 15 V H sequences could be statistically analyzed with Hscores. As described in the Materials and Methods, 4 macaque sequences related to V H -III showed ambiguities (clones 9, 34, 36 and 40); in these cases, the variants having the highest Hscores (9G, 34G, 36G, 40G) were selected for further analysis. Despite this precaution, the result of the analysis is that the V H sequences cannot be regarded as similar to human sequences (p < 0.02). This is in perfect accordance with the other results on macaque antibody sequences presented in this study.
Understanding the immunogenicity of antibodies is an important question, influenced by many factors including the quality of the preparation itself. However, based on the nonimmunogenicity of human 'self' proteins, it is assumed that the more human-like an antibody is, the less immunogenic it will be. This reasoning is coherent with the observed decreased immunogenicity of chimerized antibodies compared with murine antibodies, and the further decreased immunogenicity of humanized antibodies. As a consequence, a major aspect of the a The 'Family' refers to the closest human germline-derived family assigned on the basis of the highest G-score for the macaque sequence.
question of the immunogenicity of any antibody -in particular examining its suitability for clinical development -may be viewed as evaluating whether the antibody will be regarded by the immune system as part of the human 'self'. In other words, it is a case of evaluating its 'humanness'. Human IgGs are however all unique proteins, owing to mutations introduced in the V-region during affinity maturation; this corresponds to the virtually infinite range of antigens that antibodies may have to bind with high affinity and specificity. Thus the 'humanness' of a V-region is not as easily determined as the 'humanness' of any other protein. Consequently, 'raw humanness' was previously defined as the mean percentage identity of the antibody V H or V L protein sequence with all human sequences of the same isotype (V H , Vκ or Vλ), present in the Kabat database. From this, the H-score parameter was mathematically defined as a Zscore which centers the 'raw humanness' (i.e. its mean value is zero). When a V-region belongs to a frequently-used family, sequences of this family are over-represented in the Kabat database used to define the H-scores. Consequently, the 'raw humanness' and H-score of such a V-region increases. It has been postulated that this frequent use may reflect a lower immunogenicity, on the basis that variations of these sequences are seen more frequently by the immune system, and any high immunogenicity would have been detected. However, there is no direct experimental evidence to support this hypothesis. On the other hand, based on the physiology of the immune system, it may be assumed that the more frequently-used families are selected because they are more likely to bind a large variety of antigens than less-frequently used families and not because of their reduced immunogenicity. The G-score was thus defined in a way equivalent to the H-score, but with the means and standard deviations calculated at the family level, thus avoiding the influence of family usage on the results. At the beginning of this study we confirmed that the distribution of Z-scores derived from a normal distribution of data have a standard deviation equal to one (Appendix A), such that any Z-score is a 'normalized' parameter, in addition to being 'centered'. Consequently, since H-and G-scores are Z-scores, both are centered and normalized which were necessary properties for the statistical tests. In particular, these tests assess whether or not the mean H-or G-score of V-regions originating from macaques is equivalent to the mean scores of their human counterparts. That assessment requires that a sample of sequences may be seen as representative of the macaque sequences -in other words, according to standard statistical rules, a sample of macaque V H , Vκ or Vλ regions must contain more than 6 sequences. If the H-scores of macaque sequences have no statistical difference when compared with their human counterparts, it means that the macaque sequences have the same humanness as the human sequences and are therefore indistinguishable from them, leading to the prediction that the immunogenicity for macaque V-regions will be the same as the immunogenicity of their human counterparts (all other factors being equal). Indeed, these tests allow prediction of the immunogenicity of V-regions of any origin and are of wide interest. High affinity (nanomolar 13, 14, 15, 16 ) and very high affinity (picomolar 17 ) antibody fragments of macaque origin have recently been isolated for therapeutic purposes explaining our particular interest in antibodies from this source.
The tests based on the H-score were applied to all V-domains of macaque (M. fascicularis) origin, published and available in sequence databanks (74 V H , 47 Vκ and 10 Vλ). These were regarded here as being representative of macaque V-regions in general. Publication of the sequences was regarded as testifying for the quality of the study and, in particular, of the sequencing process, as we wished to avoid any effect of sequencing errors that might have lowered the apparent humanness. Previous studies presenting V-regions of macaque origin 13, 14, 15, 16, 17 have shown a high degree of similarity of the corresponding V-regions with their human, germline-encoded counterparts. However, in the absence of a benchmark for 'human antibodies', the question of whether or not these antibody fragments may be regarded as human had not been fully answered, although it was described as central to the validity of the approach 18 . Here, use of the H-score-based statistical test allowed us to show that macaque V L (Vκ or Vλ) may be regarded as human, while V H may not. The discrepancy between V L and V H results, and the fact that the degree to which different families are used is known to influence H-score analysis, prompted us to perform a family-by-family analysis. This confirmed the influence of families on the results as, for instance, macaque sequences related to V H -III (the most highly represented human V H family) scored best, but the exact significance of this result -are macaque V H -III sequences more human-like and thus less immunogenic than other macaque V H sequences, or is this result only representative of the more frequent usage of the V H -III family -was unknown.
To overcome this difficulty, a new parameter was designed to assess humanness independently of family membership. This parameter, which we call the G-score, is also calculated as a Zscore, but on each set of expressed sequences of the same family present in the Kabat database, instead of grouping all V H , Vκ or Vλ sequences together. With this simple modification to our previous scoring, the frequency of use of each family does not influence G-score results, and prediction of immunogenicity using the G-score is purely based on assessment of similarity with human sequences that are members of the same family, thus derived from the same human germline gene. When applied to the macaque sequences, G-scores showed that none of the four family-related sets of macaque V H , including two sets related to V H -III, could be considered as 'equivalent to' human. These results are coherent with the H-score results for V H , and leave no ambiguity regarding the highly used V H -III family. Considering V L , the results were less clear, as one set (related to IGKV1-33) was evaluated as different from human at the limit of significance (p < 0.05) while two others (IGKV1-6 and IGKV1-NL1) were not. With regard to results at the limit of significance, it might be that the number of macaque sequences available in the database at present is sometimes still too small to give unambiguous results. Alternatively certain families of macaque V L are not significantly different from human V L while others are. This is in contrast to macaque V H where all families were rated as significantly different from their human counterparts.
Conclusions
These results are of great interest, justifying a posteriori the 'germline humanization' of macaque V-regions, of which an example (35PA 83 ) was previously presented 10 . Recent preliminary results show that germline humanization of macaque sequences reduces the number of potential human T-cell epitopes (Thullier and Carr, unpublished). This process increases the similarity of V-regions to their human-germline-encoded counterparts so it was interesting to evaluate whether the similarity to expressed human IgGs (derived from the same germline) also improved for 35PA 83 , as prediction of tolerance is more frequently based on similarity to expressed sequences 6, 7 . The V-regions of 35PA 83 belonged to families V H -IV and Vκ-I, both of which are rather frequently used. Consequently, the macaque H-scores were higher than the G-scores and the effect of germline humanization was more striking with G-scores (averaged G-score increase of 35PA 83 V-regions: +1.005) than with H-scores (averaged H-score increase: +0.529). However both results converged to show the efficacy of the approach, showing in particular that the germline-humanized variant had a greater humanness than average human sequences (H-and G-scores averaged on germline humanized V-regions: 0.602 and 0.530 respectively). These high H-and G-scores for the germline humanized variant of 35PA 83 , predicting low immunogenicity, were obtained starting with parental V-regions whose negative H-and G-score values showed a humanness lower than the humanness of average human V-regions (H-and G-scores averaged on V H and V L : -0.228 and -0.735 respectively), in accordance with our earlier results regarding the nonhuman character of macaque V-regions. More broadly, these studies show that macaque V-regions may not be regarded as human, but that they may be engineered to increase their humanness and probably lower their immunogenicity to the level of human antibodies.
While this approach of isolating, then germline-humanizing, macaque V-regions may be of wide interest, it might be limited by parallel patents in Europe and the U.S.A. These patents state that macaque antibodies are 'indistinguishable' from their human counterparts, based on unquantified comparisons of 20 macaque V-regions with human 'consensus' sequences (although no precise definition of these terms is given in the patent). Not only is this statement contradicted by our statistical analysis (using H-and G-scores) of macaque V-regions whose sequences are deposited in public databanks, but it is also contradicted by our H-score analysis of the sequences presented in the patents themselves.
In conclusion, isolating and engineering V-regions of macaque origin is still a rarely-used path to obtain therapeutic antibodies, but data are accumulating to show that it should be regarded as having the same efficiency, at least, as other strategies, while potentially leading to less immunogenicity and perhaps being less constrained by valid commercial or legal aspects. for Vκ-I, 2 for Vκ-II and 1 for Vλ-VIII. Amino-acids (one-letter code) are sometimes written above macaque sequences in the patents, but their significance is unclear, so they were not taken into account in the study. Four macaque sequences related to the V H -III family (Clones 9, 34, 36 and 40) included an 'X' with three amino-acids mentioned above the X. The three variant sequences for each macaque V-region were tested, with the number indicating the name of the clone followed by a letter indicating which amino-acid was taken into account (Table 5) . For each of the four V-regions, the most human-like variant of each of the three variants was retained for the rest of this study.
Materials and Methods
Retrieval of macaque sequences in databanks and
Z-score-based statistics for germline-derived human families (G-scores)
The derivation of H-scores has been described previously 8 . G-scores are calculated in an analogous way, but by dividing expressed sequences into families based on the closest germline from which they are most likely to be derived. The procedure is described below with all custom code being implemented in Perl.
Using KabatMan 19 , expressed variable domain light and heavy chain amino acid sequences were extracted from the most recent publicly available release of the Kabat database 9 dated July 2000. Any identical sequences were removed from the set. Sets of functional human nucleotide germline sequences were extracted for V H , Vκ and Vλ using the NCBI server at http: //www.ncbi.nlm.nih.gov/igblast/showGermline.cgi. These data, which come from IMGT 11, 12 , were combined into a BLAST 20 database. Each of the expressed human amino acid sequences was then searched against this database using tblastn to assign the most likely parent germline variable fragment for each expressed sequence. The expressed antibody sequences were then grouped based on their parent germline sequence. Germline sequences have names such as IGHV1-18*01 and IGHV1-18*02, with the numbers following the '*' (here '01' and '02') reflecting different alleles of the same gene 11 . For the purposes of parent assignment the part following the '*' was dropped and so expressed sequences matching either of these alleles would be assigned to the same gene, IGHV1-18.
The mean and standard deviation for sequence similarity was calculated for each germline-derived family of expressed human sequences as follows. Each human germline-derived family is treated separately. Within each family, every human variable domain sequence was compared with every other human variable domain sequence using ssearch35 21 to generate pairwise alignments and sequence identities. Thus for a family of N members, each sequence is associated with N − 1 sequence identities. For each sequence, i, a mean sequence identity is calculated as:
where P i j is the pairwise sequence identity between the i'th and the j'th sequence in the query and target dataset respectively (a sequence is not compared against itself). This value, µ i , referred to in our previous paper as the 'raw humanness', gives a measure of how representative a sequence is of the sequences derived from the same germline. To avoid confusion with our previous paper we call it 'representativeness' here. From this we can calculate a 'mean representativeness' (μ) for each dataset:μ
and the standard deviation, σ:
These values,μ and σ are then used in evaluation of individual sequences.
Z-scores
The Z-score for sequence i is calculated as:
Any germline-gene-derived family containing < 3 sequences is excluded from this analysis as P i j = P ji . Therefore σ = 0 resulting in an infinite Z-score. The Z-score (which is simply the number of standard deviations a value is away from the mean) is a method of normalizing a normal distribution. The mean of the Z-scores will be zero and they will have a standard deviation of 1 (as proved in Appendix A). We refer to this germline-family-derived Z-score as the G-score.
Analysis of the macaque sequences
Given the germline-derived families of expressed human sequences, together with theμ and σ values for that family, a novel sequence may be scanned against the family using ssearch35 to obtain a set of sequence identities. From this, one can calculate µ i and hence the G-score.
Each of the macaque sequences was compared against each of the families and a G-score with respect to each family was calculated. These were then sorted and the best G-score was reported.
Statistics when the samples of macaque and human se-
quences to be compared contain at least 30 sequences These tests are aimed at evaluating whether the sequences of macaque V-regions, as retrieved from the IMGT database or from patents, may be regarded as equivalent to their human counterparts. The tests compare the mean H-score of a representative sample of macaque sequences with the mean H-score of a reference group of human sequences. By definition of the H-score, the group of human sequences used as the reference consists of all distinct sequences of the corresponding isotype (V H , Vκ, or Vλ), retrieved from the Kabat database.
Generally, to compare the two means (m 1 and m 2 ), of two groups (groups '1' and '2' containing n 1 and n 2 elements respectively), whose standard deviations are σ 1 and σ 2 respectively, the formula to be used is:
Here, the macaque sequences to be tested are called group 1. Group 2 is thus the reference group of (V H , Vκ, or Vλ) human sequences. Owing to our definition of H-scores, m 2 = 0 and σ 2 = 1. The size, n 2 , of the set of sequences on which the H-scores are established (1857 for heavy sequences, 645 for κ sequences, 1003 for the λ sequences) is high when compared with σ 2 . Thus, σ 2 2 /n 2 is negligible and equation 5 may be simplified as:
The absolute value of E has to be compared to ξ, read from a table of the Gaussian law and which depends on the value of the α risk. If E is greater than ξ, the two groups are statistically different. i.e. the group of macaque sequences is not equivalent to the reference group of human sequences; if the two groups are not significantly different, the two groups are regarded as coming from the same source or, in other words, macaque sequences may be regarded as equivalent to human.
Statistics when one of the samples of macaque and human sequences to be compared contains fewer than 30 sequences
The observed sample of macaque sequences may have fewer than 30 sequences, as the use of macaque V-regions for therapeutic purposes has been scarcely exploited thus far and relatively few sequences are available. Owing to the higher number of families (102) utilized to define G-scores, as compared with the three isotypes utilized to define H-scores, some human families also comprise < 30 reference sequences. When the observed sample size of macaque sequences (n 1 ), or the reference sample size of human sequences used to define the G-score distribution (n 2 ) is ≤ 29 (but n 1 and n 2 ≥ 7, otherwise the sample is not representative) the formula to be used for the comparison of means is:
where σ 2 is defined as: 
and where m 2 is the mean human H-or G-score, with σ 2 being the standard deviation about this mean. By the definition of Hand G-scores, m 2 and σ 2 are respectively equal to 0 and 1, such that:
and, from equation 7,
The absolute value of T has to be compared to t (read from the table of Student's law) at (n 1 +n 2 −2) degrees of freedom. (If (n 1 + n 2 − 2) is ≥ 30, Student's law is equivalent to the Gaussian law.) If T > t, the two groups are statistically different and thus the group of macaque sequences is not equivalent to the reference group of human sequences; otherwise the two groups are regarded as coming from the same source or, in other words, macaque sequences may be regarded as 'human'.
Acknowledgments
This work was financed in part by grant PEA 030802/09co301-1 awarded to PT by the Délégation générale de l'armement. We thank Dr. K.R. Abhinandan for his original work on humanness of antibody sequences, sponsored by the BBSRC and GlaxoSmithKline under the Dorothy Hodgkin Postgraduate Award scheme.
